The goal of the paper is to discuss specific features of the in-cylinder heat transfer calculation based on widely used empirical formulas. The potential of in-house codes compared with commercially available software packages is presented. The principles of user models in the GT-SUITE environment are also explained. The results of calibrated models are briefly discussed.
INTRODUCTION
The goal of the contribution is to describe the specific features of in-cylinder heat transfer modelling and the feasibility of improving the accuracy of resulting models. The capability of the standard heat transfer models in GT-SUITE is limited due to model calibration constrains. It is possible to increase the capability of the simulation tool using the user model linked to the main solver of commercially available software. Modelling is therefore not restricted to standard tools and templates, but it is possible to develop software utilities with very specific features. The original correlation formulas are usually not accurate enough in the case of a specific combustion engine, so it is desirable to tune the coefficients of empirical formulas during the model calibration process. The presented in-house heat transfer model enables use of any correlation formula and the varying of all applied coefficients. The code is open and ready for further development. The correlation formulas currently available in the developed user model are briefly described below. The developed user model is able to cooperate with a standard cylinder wall temperature solver based on the finite element method (FEM).
Technologies as the first choice at the beginning of the calibration process of the internal combustion engine model. The heat transfer coefficients calculated via the Woschni GT and Woschni formulas are in Figure 1 . The user may influence the heat transfer coefficient course via two tuning parameters, i.e. a radiation and convection multiplier. The radiation multiplier is typically equal to one for diesel engines and zero for other engines. The radiation part of the total heat transfer rate, when the radiation multiplier equals one, is compared with the total heat transfer rates estimated by the Woschni GT and Woschni in Figure 2 . It is strongly recommended to hold only one value of the convection multiplier for the complete engine characteristic, but obtained results are quite unsatisfactory. The calibration of convection multiplier in relation to engine speed and load provides much better results. The achievement of the exact measured in-cylinder pressure course is, however, often impossible. Woschni classic, Woschni swirl, Woschni -Huber and Hohenberg correlations are also available in the GT-SUITE environment. In the case of the user model, when the in-house developed code is used, the user is able to adapt the model and algorithm to very specific purposes. The problems may consist of the number of calibration parameters and elaborateness of the mentioned approach. The fundamental Woschni's correlation without swirl (1), (2) and (3) is described in detail in [2] and [3] . Coefficients C1 and C2 in the relation of in-cylinder gas velocity depend on the engine cycle phase (2) . The user of the developed in-house code may tune all calibration coefficients A1-A8 arbitrarily. [3] . Coefficients C1 and C2 in the relation of in-cylinder gas ve phase (2) . The user of the developed in-house code may tune arbitrarily. The effect of the swirl is included in the second Woschni formula ( and [5] . The intensity of the swirl is described by rotational spee obtained by measurement on a flowbench.
The fundamental Woschni's correlation without swirl (1), (2) and (3) is described in detail in [2] and [3] . Coefficients C1 and C2 in the relation of in-cylinder gas velocity depend on the engine cycle phase (2) . The user of the developed in-house code may tune all calibration coefficients A1-A8 arbitrarily. The effect of the swirl is included in the second Woschni formula (4), (5), (6) , (7) and (8) . See [2] , [4] and [5] . The intensity of the swirl is described by rotational speed of the paddle wheel (7) and (8) obtained by measurement on a flowbench.
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Several standard templates in GT-SUITE support the utilization of the model developed by a user. The basic user model template is defined as a part of a parent template with a particular setup. The code has to be developed in Fortran or C++. It is also needful to create a subroutine, which is unavoidable for communication between utilities, user templates and communication boxes. The user model (Fortran code) is able to communicate with the main model (e.g. internal combustion engine) via communication boxes. Some variables are accessible directly via the main solver. GT-SUITE software allows utilization of several user models concurrently. The heat transfer correlations mentioned above are available in the current version of the developed user model linked to GT-SUITE. The actual engine cycle phase is described in the model by cycle flag, see Figure 3 . The course of the heat release fraction is updated from cycle to cycle and the end of combustion (engine cycle flag = 3) is defined by the user via selectable variable "heat release fraction" in the setup (e.g. 0.99 in Figure 3 ). The described function is independent of actual heat release course or mixture composition (lean/rich). The engine cylinders in the model are entirely independent (e.g. geometry, valve timing of relevant cylinder, volumetric efficiency, heat release etc.). The user model automatically detects the number of cylinders, firing order, local crank angle of the cylinder, number of species, mass for each species in zone etc. The presented model can operate with one or two temperature zones based on the used combustion model. In the case of two zones, the model calculates heat transfer coefficients for burned and unburned zones concurrently. The model also cooperates with the finite element (FEM) cylinder wall temperature solver including cylinder liner, piston, head, valves and valve guides. The FEM wall temperature model has to be calibrated independently as usual. The coefficients in the correlation formula can vary in dependence on engine cycle phase, according to cycle flag, or with respect to local crank angle of the cylinder, see examples in Figure 4 . The aim is to improve the accuracy of the empirical formula by tuning the applied coefficients for the specific case. The next step could be creation of new formula suitable for special purposes. It is no problem to extend the current inhouse code of the presented user model.
RESULTS
The single cylinder model of the internal combustion engine was developed in the GT-SUITE environment for the simulation purposes. The model is suitable for the three pressure analysis of the experimental data. Experimental data, measured on the experimental six cylinder diesel engine (Table 1) , were used in the model calibration process. The goal is to show the behaviour of the developed user model. The comparison of the results predicted by the model, which utilized the user model of the in-cylinder heat transfer, with the experiments is a side effect only. The indicated pressures at intake port inlet, in cylinder and at exhaust port outlet are required for the three pressure analysis. Further inputs for the model are engine geometry, temperatures, brake torque, fuel flow etc. The temperatures of the engine parts are not available from the measurement. The discussion of the simulation results starts with the heat transfer coefficients predicted by the correlation formulas in original forms are shown in Figure 5 and Figure 6 . The difference between formulas, thus the predicted heat transfer coefficients are clearly visible. The accuracy level of results obtained using the original equations is not sufficient for the current purposes. It is needful to derive a correlation tailored to the specific combustion engine. The aim of the calibration was to create a model capable of predicting engine parameters comparable to the experiments. For the achievement of the same in-cylinder pressure, thus the indicated mean effective pressure, it was necessary to adapt the heat transfer correlations. The main coefficient of each equation, used in the relevant simulation was tuned. The main coefficient is the multiplier of the whole equation (e.g. A1 in Woschni formula, A11, A23 etc.). It is of course possible to change any introduced calibration coefficient. It is recommended to try several different classical formulas, choose one with the best tendency and then calibrate it in dependence on the engine speed and load. The approach has been tested during the comprehensive three pressure analyses in the GT-SUITE environment. The comparison of heat transfer coefficient courses calculated via original or adapted formulas is shown in Figure 7 . Figure 7 shows the three pressure analysis results of original (uncalibrated) and adapted (calibrated) heat transfer correlation equations. The differences are obvious and confirmed in the following pictures. The original and adapted main coefficients are presented in Figure 8 . The indicated mean effective pressure predicted by the simulations compared to experimental data is shown in Figure 9 . The engine model based on the original Woschni and Eichelberg formulas is not able to reproduce the measured values. The indicated efficiency of the experimental engine is presented in Figure 10 . The results of indicated efficiency are consistent with the indicated mean effective pressures in Figure 9 . The results calculated by the model with adapted heat transfer correlations formulas are comparable to the experimental data.
The engine model with in-cylinder heat transfer user model tailored to the specific combustion engine also reproduces the maximum pressure in cylinder very well as presented in Figure 11 . The adapted Eichelberg equation predicts higher values of the in-cylinder heat transfer at full engine load than the Woschni adapted relation - Figure 12 . The calculated percentage of useful exhaust energy in Figure 13 is consistent with the tendency of the presented heat transfer.
The simulation of the whole combustion engine, not just the single cylinder model for the purposes of three pressure analysis, has to be performed to answer the question of which formula is better for the current combustion engine.
The balance between the in-cylinder heat transfer and useful exhaust energy is important for the estimation of turbine power, i.e. the overall energy balance of the turbocharged internal combustion engine. The differences between the adapted formulas results show -at least -uncertainties in obtaining correct heat transfer figures. The results will be analyzed and published in the future. The important feature of the presented model is the interaction between the heat transfer model and the FEM model of wall temperatures. The FEM solver includes the cylinder liner, piston, head, valves and valve guides. The wall temperature model has to be calibrated independently, but the calibration options are limited [16] . The cylinder temperature zones modelled in GT-SUITE are drawn in Figure 14 . The temperatures of particular parts calculated by the FEM solver are presented in following pictures. It has to be stressed that the engine part temperatures are not available from the experiments. The aim is to show the trends of the predicted zone temperatures. The cylinder wall temperatures are slightly higher in the case of the Eichelberg adapted formula compared to Woschni - Figure 15 , Figure 16 and Figure 17 . The differences are, nevertheless, within the range of measurement errors. The temperatures of the cylinder head ( Figure 18 ) and piston ( Figure 19 ) are slightly lower for the Eichelberg adapted formula in comparison with the adapted Woschni relation. Finally, the brake specific fuel consumption calculated by the models compared to the experimental data is given in Figure 20 .
CONCLUSION
The frequently used empirical formulas are not usually accurate enough, and therefore the level of accuracy and the predictive capability of the whole engine model are not sufficient. It is necessary to adjust classical formula to a unique application in order to achieve the desired course of the in-cylinder heat transfer coefficient and consequently proper heat transfer rate. The user model enables the creation of in-house heat transfer correlations and calibration of all coefficients during the calibration process (three pressure analysis or measured cylinder pressure analysis in GT-SUITE). It is feasible to calibrate not only the amount of transferred heat, but also to tune the heat transfer coefficient course to achieve the required cylinder pressure. The presented user model increases the number of usable empirical formulas, the ability of the heat transfer model 
